A.. Introduction
================

The carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) are a large family of proteins in humans that are encoded by 12 independent genes on chromosome 19q13.1-13.2 (Fig. **[1](#F1){ref-type="fig"}**). CEACAMs are known to be highly glycosylated proteins that belong to members of the immunoglobulin (Ig) supergene family and are composed of an N domain (aside from CEACAM16) \[[@R1]\]. Each N domain is subsequently followed by zero or as many as six constant C2-like Ig domains, referred to as A or B \[[@R2]\]. The CEACAM family consists of membrane-linked glycoproteins anchored to the cell surface either by glycophosphatidyl-inositol (GPI) anchor or a transmembrane domain, as well as secretory glycoproteins \[[@R3]\]. The GPI-anchored members of the family include CEACAM5, CEACAM6, CEACAM7 and CEACAM8 \[[@R4]\]. CEACAM1, CEACAM3, CEACAM4, CEACAM19, CEACAM20, and CEACAM21 are all anchored to the cell membrane through transmembrane domains. CEACAMs manifest their function as an intercellular adhesion molecule via GPI anchorage to the cell surface or transmembrane domains.

CEACAM5 is a complex macromolecule first described in the late sixties as a gastrointestinal oncofetal protein isolated to fetal expression and malignancy \[[@R5]\]. Since this initial description has since been rejected and CEACAM5 is found to be expressed in normal adult tissue as well as various cancers, mainly the gastrointestinal tract, respiratory, genitourinary tracts and breast \[[@R6]\]. Aside from its function as a cell adhesion molecule, CEACAM5 is also involved in the inhibition of cell differentiation, anoikis and apoptosis inhibition in colon cells, as well as interference of tissue architecture \[[@R7]\]. These processes are regulated by CEACAM5 through its co-localization and the activation of α5ß1 integrin signal transduction via lipid rafts, promoting PI3K/AKT activity \[[@R8]\]. Of all the CEA family members, CEACAM5 is the only protein used as an accepted tumor marker and indicator of recurrence in cancer patients, especially colorectal \[[@R9]\].

CEACAM6 (CD66c) is a multi-functional glycoprotein that mediates homotypic binding with other CEA family members and heterotypic binding with integrin receptors. CEACAM6 functions by organizing tissue architecture and regulation of signal transduction, while aberrant expression leads to the development of human malignancies \[[@R10], [@R11]\]. It was first discovered in proliferating cells of adenomas and hyperplastic polyps in comparison to benign colonic tissue \[[@R12]\]. *In vivo*, it is present on granulocytes and epithelia in multiple organs. Expression patterns of CEACAM5 and CEACAM6 in various primary and metastatic tumors were analyzed by immunohistochemistry (IHC) and tissue microarrays (TMAs) utilizing domain specific antibodies to CEACAM5 and CEACAM6. For all tumors investigated (breast, pancreatic, colonic, non-small cell lung carcinoma), CEACAM6 expression was greater than CEACAM5 \[[@R13]\]. Over-expression of CEACAM6 modulates cancer progression through aberrant cell differentiation, anti-apoptosis, cell growth and resistance to therapeutic agents \[[@R13]\]. Anoikis, a subtype of apoptosis, preserves tissue order in multisystem organisms by abrogating uncontrolled cellular proliferation. Resistance to this process has been correlated with CEACAM6 over-expression in multiple malignancies promoting invasion and metastasis thereby representing an acquired advantage of tumor cells directly responsible for an invasive phenotype \[[@R14]\]. *In vitro* studies have shown that antibodies directed against CEACAM6 on over-expressing cells inhibited migration, invasion, and adhesion \[[@R15]\]. This suggests that interfering with homo-typic and hetero-typic binding would negate anoikis resistance resulting in an anti-invasive and anti-metastatic effect.

Aside from their expression in humans, the CEACAM gene family is also highly preserved in 27 other mammalian species, specifically rats, dogs, cattle, platypus and opossum \[[@R16]\]. However, CEACAM6 is not present in the mouse genome therefore a transgenic mouse model with a human bacterial artificial chromosome that contains components of the human CEA gene family, specifically CEACAM3, CEACAM5, CEACAM6 and CEACAM7 genes has successfully been generated \[[@R17]\]. The expression patterns in this mouse model are very similar to humans both spatially and in relative levels, allowing an avenue for more accurate pre-clinical testing for toxicity evaluation.

Although earlier studies examined the role of CEACAM6 in gastrointestinal malignancies such as colon, and pancreas, numerous other carcinomas (breast, gastric, thyroid, B-ALL, and multiple myeloma) have been shown to over-express CEACAM6 resulting in an increased metastatic potential. This article will serve as a comprehensive review of the role of CEACAM6 in various solid and hematologic malignancies, identifying common and unique pathways suspected to play a central role in the malignant process. Furthermore, targeting CEACAM6 with therapeutic monoclonal antibodies (Mab) provides an opportunity to treat several human malignancies.

B.. CEACAM6 biology, expression, and prognostic implications in Cancer
======================================================================

I.. CEACAM6 Expression in Epithelial Carcinomas  (**[1](#T1){ref-type="table"}** )
----------------------------------------------------------------------------------

Over the last 10 years a tremendous amount of information regarding the expression patterns and potential of CEACAM6 to serve as prognostic indicator as well as a therapeutic target has emerged. In colorectal cancer (CRC), expression patterns of CEACAM6 and CEACAM7 were analyzed with IHC in 35 normal organs and fetal tissue \[[@R12]\]. Of note, 25 colorectal polyps were analyzed and aside from 8 hyperplastic polyps, all adenomas demonstrated CEACAM6 over-expression. The investigators report that CEACAM6 expression was confirmed in two specific cell types: epithelial and

myeloid cells, which include granulocytes, macrophages, and monocytes \[[@R18]\], colonic epithelial cells \[[@R19]\], pneumocytes, bronchiole epithelia \[[@R20]\], pancreatic ducts, tonsil epithelia \[[@R21]\], sweat glands \[[@R22]\], skin and hair follicles \[[@R23]\], squamous epithelia of the esophagus, cervix and tongue \[[@R12]\]. Although CEACAM6 and CEACAM7 had very similar expression patterns in normal colonic mucosa, there is opposite deregulation in hyper-proliferating mucosa, adenomas and carcinomas. CEACAM7 is down-regulated whereas over-expression of CEACAM6 is observed in hyper-proliferating polyps and adenomas. These findings suggest that deregulation and over-expression of CEACAM6 promotes tumor progression and represents some of the earliest molecular changes in the development of CRC.

### (A). Colorectal Cancer

In order to further investigate the role CEACAM6 plays in CRC development, the effect of expression patterns of CEACAM5 and CEACAM6 in two known human colon cancer cell lines, SW-1222 and Caco-2 was evaluated. *In vivo*, over-expression of CEACAM6 in SW-1222 cells produced marked alteration of tissue architecture and differentiation. The level of deregulation of CEACAM5 and CEACAM6 could be responsible for promoting CRC development through a mechanism of anoikis resistance and impaired cellular differentiation. Since previous work revealed CEACAM5 and CEACAM6 expression are up-regulated during preliminary stages of dysplasia in familial adenoma polyposis (FAP) patients with APC mutations \[[@R24]\], the authors concluded CEACAM6 up-regulation in proliferating cells resulted in a functional change in tissue architecture impairing cell differentiation \[[@R25]\].

To evaluate whether CEACAM6, CEACAM1 and CEACAM5 expression were able to provide prognostic information, 243 paraffin-embedded samples of CRC patients who underwent adjuvant therapy with 5-fluorouracil-based chemotherapy were analyzed \[[@R26]\]. Multivariate Cox analysis revealed that CEACAM6 over-expression served as an independent predictor of poor overall survival (OS) (p\<0.01) and diminished disease-free survival (p\<0.0028). If CEACAM6 over-expression can be correlated with worsened OS and disease free survival (DFS), do expression patterns also reflect metastatic potential? IHC and clinicopathologic analyses were performed on 143 colon cancer patients. Transcriptional and translational levels of CEACAM6 were found to be up-regulated in human colon tumor tissues as opposed to their non-tumor counterparts. Clinicopathologic analysis revealed an impressive correlation between CEACAM6 expression in regard to Duke's stage and lymph node metastasis (p\<0.001). Again, over-expression of CEACAM6 was associated with poor OS (p\<0.001) and a reduced recurrence-free survival (RFS) (p\<0.001). Interestingly, through the use of invasive assays and CEACAM6 knockdown models via small interfering RNA (siRNA), CRC cells were found to have diminished invasiveness (35%), whereas over-expression resulted in increased invasiveness through the extracellular matrix (ECM) \[[@R27]\]. CEACAM6 knockdown results in an increased E-cadherin promoter activity which suggests that CEACAM6 serves as a crucial regulator of metastatic potential.

Since CEACAM6 expression has been shown to identify high risk populations with CRC further work to validate its potential use as a therapeutic target has been pursued. CEACAM6 was identified as a marker for CRC stem cell isolation and siRNA-mediated silencing on *in vitro* and *in vivo* suppressed growth in Caco2 colon cancer cells \[[@R28]\]. CEACAM6 expression was not present in CD133 cells acquired from normal colon, but over-expressed in CD133 cells from colon cancer tissue. *In vitro* studies revealed that CD133 positive colon cancer cells significantly over-expressed CEACAM6 in a manner similar to that observed in liver metastasis. Also, proliferation and clonogenicity were diminished when CEACAM6 was silenced with siRNA in Caco2 cells. *In vivo* xenograft studies confirmed that CEACAM6 silencing decreased the metastatic potential of Caco2 cells. These findings support that CEACAM6 over-expression has a relationship with colon cancer stem cells and the fact that gene silencing abrogated tumor growth highlights CEACAM6 as a potential therapeutic target in colon cancer.

### (B).. Pancreas Cancer

CEACAM6 also plays a significant role in pancreatic cancer. Over-expression of CEACAM6 in PDA cell lines confirmed it as a marker of anoikis resistance. Gene silencing of CEACAM6 with siRNA reversed anoikis resistance in MiaPaca-2 PDA cells \[[@R29]\]. CEACAM6-specific siRNA increased the cell lines susceptibility to caspase-mediated anoikis and reduced AKT phosphorylation. Suppression of CEACAM6 resulted in decreased anoikis resistance which in turn diminished the ability of MiaPaca-2 PDA cells to metastasize in a nude mouse orthotopic xenograft model. Over-expression of CEACAM6 in Capan2 PDA cells that normally do not express CEACAM6 resulted in an amplified resistance to gemcitabine \[[@R30]\]. Gene silencing of CEACAM6 in BxPC3 PDA cells that normally express CEACAM6 resulted in improved susceptibility to gemcitabine through modulation of AKT activity in a Src-dependant manner. Activation of the AKT pathway is associated with protection from factors that promote apoptosis as well as chemotherapeutic sensitivity \[[@R31], [@R32]\]. These findings correlate CEACAM6 over-expression with an increased metastatic phenotype through elevated SRC activity and matrix metalloproteinase 2 (MMP2) expression (Fig. **[2](#F2){ref-type="fig"}**). Hence, CEACAM6 over-expression through activation of the SRC-AKT signaling provides chemo-resistance to gemcitabine in PDA cell lines.

In a cohort of resected PDA patients, CEACAM6 expression was significantly pronounced in high-grade pancreatic intraepithelial neoplasia (PanIN) specimens compared to low grade PanIN (p=0.0002) \[[@R33]\]. Negative CEACAM6 expression patterns were associated with the absence of lymph node metastases (p=0.012), decreased disease stage (p=0.008) and increased post-operative survival (p=0.047). Therefore, CEACAM6 expression predicts for adverse clinicopathologic features in resected PDAs. Interestingly, parallel to over-expression of CEACAM6 in hyper-proliferating polyps and adenomas playing a role in the development of CRC, the finding of increased expression of CEACAM6 with high grade PanIN lesions suggest that CEACAM6 serves not only as a prognostic biomarker but also a predictive biomarker contributing to the oncogenic transformation of PanIN lesions to invasive PDA.

A hallmark in PDA is the presence of a desmoplastic reaction (DR) secondary to fibrotic tissue proliferation and altered ECM, facilitating tumor growth and increased metastatic potential \[[@R34]\]. The DR is a complex interplay that occurs in the ECM between epithelial and tumor cells, endothelial cells, inflammatory cells, fibroblasts and growth factors/cytokines. DR is postulated in turn to activate autocrine, juxtacrine and paracrine oncogenic signaling pathways augmenting tumor cell proliferation. A continued understanding and targeting key components of the DR may improve therapeutic success in PDA \[[@R35]\]. Alteration and reorganization of the ECM and its components play a pivotal role in tumor cell invasion and is partially achieved by secretion of proteolytic enzymes such as MMP-2. Increased CEACAM6 produces increased insulin-like growth factor I (IGF-I) that results in expression of MMP-2, subsequently altering the ECM and promoting a malignant tumor microenvironment (TME). Further, CEACAM6 over-expression increases SRC activity through IGF-I resulting in increased metastatic potential of PDA cells \[[@R36]\]. Cross-linking of CEACAM6 on BxPC-3 cells results in activation of SRC in a caveolin-1-dependent manner allowing for phosphorylation of its substrate FAK, a non-receptor tyrosine kinase involved with the acquisition of PDA cell resistance to anoikis (Fig. **2**).

Tumor cell adhesion to the ECM plays an important role in the development of the TME. CEACAM6 affect the TME through its close interactions with integrins \[[@R37]\]. Integrin a*νb*~3~ is intimately involved in adhesion of cancer cells to the ECM, thereby directly impacting cell adhesion, migration, proliferation and survival. Antibody mediated CEACAM6 cross-linking activates neutrophils and promotes their adhesion to the ECM \[[@R38]\]. Studies demonstrated that CEACAM6 cross-linking results in significantly increased attachment to fibronectin and vitronectin \[[@R39]\]. Treatment with an anti- a*νb*~3~ integrin Mab suppressed both vitronectin and fibronectin attachment promoted by CEACAM6 cross-linking. These findings suggest that CEACAM6 cross-linking enhances attachment to fibronectin and vitronectin through up-regulation of a*νb*~3~ integrin-mediated adhesion (Fig. **2**).

### (C).. Breast Cancer

CEACAM6 expression may represent an early event in the development of human epithelial malignancies. Breast cancer cells elaborate CEACAM6 unlike normal breast tissue. As we have seen in precursor lesions for both CRC and PDA, over-expression of CEACAM6 in atypical ductal hyperplasia was predictive of progression to breast cancer \[[@R40]\]. A retrospective analysis of 243 patient samples revealed that CEACAM6 over-expression correlated with tamoxifen resistance \[[@R41]\]. In a multivariate analysis CEACAM6 over-expression was an independent predictor of disease recurrence \[[@R42]\]. Further, siRNA-mediated gene silencing of CEACAM6 in MMU1 tamoxifen-resistant MCF7 cell line derivatives reversed anchorage independence and re-established endocrine sensitivity \[[@R42]\]. Previous work revealed the development of resistance to tamoxifen in breast tumor cells is related to an augmented invasive potential \[[@R43], [@R44]\] as well as CEACAM6 over-expression \[[@R45]\]. The relationship between CEACAM6 over-expression and acquired tamoxifen resistance leads to cellular migration and invasion in MCF-7.5C and MCF-7.2A breast cancer cells \[[@R46]\]. CEACAM6 is markedly over-expressed in estrogen-diminished breast cancer cells. These *in vitro* data were further validated in human breast cancer as CEACAM6 is over-expressed in recurrence in the setting of post-adjuvant endocrine therapy (e.g. tamoxifen).

In a cohort of 840 primary invasive breast cancers and a separate validation cohort of 300 invasive breast cancers CEACAM6 expression was found to be present in 37.1% (312/840 pts) cases \[[@R47]\]. In the validation cohort, CEACAM6 expression was highest in the HER2+ tumors (67%) and lowest in triple negative breast cancer (TNBC) (25%). The patients in this study were followed for a mean of 56.4 months and 105 pts developed distant metastatic disease. Expression rates for CEACAM6 were highest for patients with bone metastasis (42%). There was no difference in OS based upon CEACAM6 expression. Interestingly, high CEACAM6 expression showed a trend towards worse survival in HER2 over-expressed breast cancers. The study reported that adverse prognostic significance of CEACAM6 for OS were high nodal stage HER2+ cancers and were independent of traditional prognostic factors (tumor size, age, grade, treatment modality, ER, Ki-67; p=0.017). One unique feature regarding the signal transduction in HER2+ breast cancer cell lines and CEACAM6 expression is the interaction of TGF-b signaling with the HER2 pathway. The authors evaluated HER2 over-expressed breast cancer cell lines (SK-BR3) treated with TGF-b or EGF with induction of SMAD3 phosphorylation and CEACAM6 expression. CEACAM6 was identified as a major target gene for SMAD3-mediated TGF-b signaling (Fig. **[2](#F2){ref-type="fig"}**). SMAD3 phosphorylation was significantly associated with HER2 expression in CEACAM6 positive but not negative cancers. Hence, HER2 signaling via components of TGF- b pathway may mediate CEACAM6 expression.

An emerging theme in regards to CEACAM6 expression has been its ability to identify high risk cohorts and represent a biomarker of response to specific therapies. Over-expression of CEACAM6 is shown to predict response to gemcitabine in PDA and tamoxifen in ER/PR positive breast cancer. CEACAM6 expression also serves as an indicator of response to therapy in Her2+ breast cancer. CEACAM6 under expression identified trastuzumab responsive disease whereas over-expression reflected trastuzumab resistant breast cancer \[[@R48]\]. Interestingly, 25% of the TNBC cohort was also positive for CEACAM6, suggesting this could serve as a potential target in both of these aggressive breast cancer subgroups. The suspected mechanism of action is through activation of the SRC-AKT signaling pathway resulting in a chemo-protective effect. Further investigation is warranted to identify whether CEACAM6 over-expression in metastatic breast cancer patients also serves as a biomarker of response to gemcitabine an approved third line therapy. CEACAM6 expression would then serve as an avenue to identify high risk cohorts of breast cancer patients whose therapy could be specifically tailored based on their underlying tumor biology, highlighting CEACAM6's role as both prognostic and underscore its potential as a therapeutic target in epithelial carcinomas.

### (D).. Cholangiocarcinoma

CEACAM6 expression analysis in post-surgical intra-hepatic cholangiocarcinoma patients showed increased node positive (p=0.06) and advanced stage (p=0.09) disease \[[@R49]\]. Patients with high CEACAM6 expression were found to have worse disease free survival than those patients with low expression. In cell lines, flow cytometry revealed that TFK-1 cells had an increased CEACAM6 expression than HuCC-T1 and MEC cell lines investigated that corresponded to an increased resistance to gemcitabine (p\<0.01). When CEACAM6 over-expression was induced via gene transfection in HuCC-T1 cells, tumors in mice developed increased proliferation, invasion, and acquired chemo-resistance to gemcitabine. Conversely, siRNA gene silencing of CEACAM6 in TKF-1 cell line resulted in increased chemo-sensitivity to gemcitabine. These results are consistent with the unifying theme noted in epithelial carcinomas that CEACAM6 over-expression serves as marker of aggressive disease in tumors resistant to standard therapies.

### (E).. Non-small Cell Lung Cancer

The effect of CEACAMs on cell growth and tumor development were reported in lung cancer \[[@R50]\]. In A549 lung cancer cells cellular proliferation is promoted by CEACAM6. This is secondary to interference of the contact inhibitory signals normally released by CEACAM1-4 resulting in undifferentiated anchorage-independent cell growth. A549 lung cancer cells express significant levels of non-membrane anchored CEACAM5 and CEACAM6 providing an explanation for increased expression in lung cancer patients. This mechanism of action regarding CEACAM6 over-expression and its role in contact inhibition has not been clearly described in other epithelial malignancies thereby representing a distinct feature of CEACAM6 in lung cancer.

A549-T lung cancer cells represent a subgroup of the A549 cells found to exhibit an undifferentiated, anchorage independent cell growth pattern. Approximately 10-15% of A549-T lung cancer cells express CEACAM6. The authors proposed that expression of CEACAM6 was directly responsible for cell proliferation by attenuating the CEACAM1-4 regulated contact inhibition. To test their hypothesis, cells were separated into CEACAM6 positive and negative subgroups and expression levels of Ki-67 were evaluated by IHC. Only the CEACAM6 positive subgroup identified a marked elevation of Ki-67 suggesting a clear role for CEACAM6 in inducing cell proliferation. CEACAM6 positive A549 cells have ongoing cell cycling with the majority of cells in S and G2/M phases.

Whether CEACAMs could serve as a surrogate marker for sensitivity to EGFR inhibitor therapy in lung cancer was investigated \[[@R51]\]. Previous work stated that CEACAM6 was significantly diminished by gefitinib therapy and over-expressed in EGFR-mutated lung cancer cell lines, suggesting that CEACAM6 potentially represents a key transcriptional target \[[@R52]\]. CEACAM family members (3, 5, 6, 7, and 19) were each evaluated as potential surrogates of response. In patients with EGFR mutations, all CEACAMs were frequently over-expressed compared to the wild-type EGFR cohort. However, unlike the prior epithelial malignancies discussed, lung adenocarcinoma patients treated with gefitinib were not found to have statistically significant differences based on CEACAM expression and TKI response. Nonetheless, of the 115 EGFR wild type lung adenocarcinoma patients, CEACAM6 over-expressors had an adverse clinical outcome. The 5-year DFS of CEACAM6 negative patients was 74.6%, versus 49.1% of CEACAM6 positive patients. These findings confirm that CEACAM6 serves as both a prognostic indicator and a response biomarker in lung cancer. Also, considering the adverse clinical outcome in CEACAM6 positive lung adenocarcinoma patients, further investigation in regards to targeting this molecule is of strong clinical interest.

### (F).. Gastric Cancer

CEACAM6 over-expression in gastric cancer cell lines result in an increased metastatic potential compared to knockdown models \[[@R53]\]. Over-expression of CEACAM6 in MKN-45 and SGC-7901 gastric cancer cell lines increased *in vivo* metastasis in athymic mice, while metastatic potential of MKN-28 and SNU-16 gastric cancer cell lines were suppressed by knockdown of CEACAM6. Of note, SRC phosphorylation was pronounced with CEACAM6 over-expression in SGC-7901 cells.

The over-expression of CEACAM6 in gastric cancer did not find an association with clinicopathologic features \[[@R54]\]. However, level of CEACAM6 DNA in peripheral blood detected by RT-PCR correlated with disease stage \[[@R55]\]. In a cohort of 101 gastric cancer patients 79% showed CEACAM6 over-expression, compared with GES-1 immortalized cells. Over-expression was linked to lymph node metastasis. SNU-16 and MKN-28 cell lines over-express CEACAM6, whereas, SGC 7901 and MKN 45 cells do not. Cell migration was significantly inhibited in CEACAM6 over-expressing cell lines after treatment with anti-CEACAM6 antibody or gene-silencing with siRNA, whereas migratory potential was markedly increased in cell lines genetically modified to over-express CEACAM6. These findings highlight that CEACAM6 promotes gastric cancer cell motility *in vitro*. Further, over-expression of CEACAM6 promotes invasiveness *in vivo* after gastric cancer cells are infused into tail veins of mice. Four out five mice were subsequently found to have metastasis to the lung or liver, supporting a role for CEACAM6 mediated metastasis. These findings of an increased metastatic phenotype in gastric cancers support the need for therapeutic targeting of CEACAM6.

### (G).. Thyroid Cancer

Familial medullary thyroid carcinomas (MTC) and \~30% of sporadic thyroid cancers are known to have RET oncogene mutations \[[@R56]\]. Oncogenic pathways defining non-RET mutated sporadic MTC remains elusive. Pangenomic DNA microarrays of four familial and nine sporadic MTCs demonstrated a composite of 173 genes with 2-fold changes in expression \[[@R56]\]. Two specific groups of sporadic tumors were identified by PCR and IHC analysis. The first of two groups had a molecular profile very close in nature to RET634 (MEN2A mutation) tumors, while the second group displayed a molecular profile similar to that found with RET918 (MEN2B mutation) tumors. The latter group was found to have increased expression of genes previously known to be key players in matrix remodeling (COLIA1, COLIA2), cell adhesion (CEACAM6) and neo-angiogenesis (PTN and ESM1). Hence, sporadic and familial MTC may have similar oncogenic pathways that highlight CEACAM6 playing a pivotal role in altering the ECM and TME, facilitating an aggressive malignant MTC phenotype. Further investigation is needed to identify the role CEACAM6 in MTC.

### (H).. Head and Neck Cancer

Focal over-expression of CEACAM6 enhances tumor progression in head and neck squamous cell cancer (HNSCC) by inhibiting apoptosis \[[@R57]\]. CEACAM6 mRNA is 177-fold up-regulated in the Detroit 562 cell line and 12-fold up-regulated in the Cal27 cell line as opposed to normal control cells \[[@R58]\]. Highly tumorigenic cell lines (Detroit 562, Cal27 & FaDu) had increased levels of CEACAM6 compared to the poor tumorigenic cell lines (SCC25, SCC9, & SCC15). Interestingly, *in vivo* studies revealed that CEACAM6 over-expression in Detroit 562 cell line was associated with a significantly diminished level of apoptosis of tumor cells compared to control tumors. This suggests that increased tumor growth in the context of CEACAM6 over-expression was secondary to *in vivo* abrogation of caspase 3-dependant cell death \[[@R57]\]. Of particular interest was that CEACAM6 over-expressing HNSCC Detroit 562 cancer cells were sensitized to BGT226, a PI3K/AKT inhibitor by CEACAM6 knockdown. However, increased expression of CEACAM6 decreased the sensitivity and maximal response to BGT226. The modulation of gemcitabine sensitivity was found to be through SRC and PI3K/AKT dependent pathway activation. Hence, CEACAM6's activation of the PI3K/AKT pathway results in cell proliferation and serves as a target for HNSCC.

II.. CEACAM6 Expression in Hematologic Malignancies ([Table 1](#T1){ref-type="table"})
--------------------------------------------------------------------------------------

### (A).. Acute Lymphoblastic Leukemia

Ectopic expression of CEACAM6 in B-cell lineage acute lymphoblastic leukemia (B-ALL) is established. CEACAM6 mRNA expression in leukemic blasts through quantitative PCR in 135 acute leukemic patients (88 B-ALL, 16 T-ALL, 27 AML, 4 bi-phenotypic leukemias) by flow cytometry in bone marrow biopsies revealed 79.5% of B-ALL expressed CEACAM6, without relevant expression noted in the other subtypes \[[@R59]\]. In comparison to normal granulocytes, all samples revealed over-expression of CEACAM6 and CEACAM8. Further, CEACAM6 mRNA expression was also high in B-ALL patients (\>90%) when compared to leukemia cell lines \[[@R59]\]. However, the clinical relevance of CEACAM6 expression in relation to adverse outcomes and predictive biomarker status related to treatment resistance are yet to be described in B-ALL. CEACAM6 expression in the cytoplasm of multiple human leukemic cell lines is present irrespective of its cell surface expression \[[@R60]\]. Most leukemia tend to have deregulated levels of CEACAM 6 and 8. Therefore, as previous work has revealed silencing CEACAM6 promotes anoikis via increased caspase activity with down regulation of the AKT cell survival pathway, targeting of CEACAM6 in acute leukemia is warranted.

### (B).. Multiple Myeloma

In multiple myeloma (MM) CEACAM6 expression promotes malignancy through a mechanism of immune evasion, in contrast to that described in epithelial malignancies. Recently, the role of CEACAM6 in inhibiting myeloma-reactive T-cells in patients has been investigated \[[@R61]\]. Although cytotoxic T-cells (CTLs) are functionally competent they have been found to have very little reactivity against tumor cells \[[@R62]\]. Tumors have the capacity to block effective functions of T-cells and thought to be a reason for limited clinical efficacy of tumor immunotherapy. CTLs react against MM antigens when presented by autologous dendritic cells but not by MM cells. Gene expression profiling and flow cytometry of isolated MM cells demonstrated several CEACAMs to be specifically over-expressed (e.g. CEACAM -1, -6, -8). Binding and cross-linking of CEACAM6 by CTL inhibited their activation, producing T-cell unresponsiveness. Blocking CEACAM6 on the surface of MM cells with a Mab or CEACAM6 knock down by siRNA restored T-cell reactivity against malignant plasma cells (77 MM pts, various cell lines). This resulted in increased IFN-γ and perforin secretion by CTLs which promoted MM cell apoptosis. The proposed mechanism is that MM cells escape recognition by autologous myeloma specific CD8+ T cells through CEACAM6 expression. Thus, CEACAM6 may play a critical role in the regulation of CD8+ T cell response against MM supporting the use of therapeutic targeting of CEACAM6 as a novel MM immune checkpoint therapy.

C.. Signaling Pathways Activated by CEACAM6
===========================================

Although CEACAM6 lacks a trans-membrane domain it is able to effectively regulate intracellular signaling. GPI-anchored proteins aggregate on the surface of the plasma membrane to form micro-domains, also known as "lipid rafts" \[[@R63], [@R64]\]. It is through this mechanism that CEACAM6 is able to modulate signal transduction and ultimately dictate cellular behavior. When CEACAM6 is cross-linked in BxPC3 cells anoikis resistance develops through activation of SRC in a caveolin-1-dependant manner \[[@R36]\]. A large body of evidence has identified SRC as a key molecule in tumor progression that can provide oncogenic signals for cell survival, mitogenesis, invasion, angiogenesis and metastasis \[[@R65]-[@R67]\]. Caveolin-1 is an integral membrane protein found to co-precipitate with SRC and is required for SRC kinases to activate integrin signaling \[[@R68]-[@R70]\]. Previous work identified CEACAM5 and CEACAM6 co-localize with a5b1 in the same specific lipid raft \[[@R71]\]. Studies revealed that the sub-cellular localization of SRC enriched in detergent-insoluble lipid rafts of cell membranes were important for SRC activation \[[@R72], [@R73]\]. AKT and SRC acting together promote metastasis with SRC identified as an activator of the PI3K/AKT signaling pathway. SRC achieves this goal through phosphorylation of various substrates including FAK \[[@R74]\]. In PDA, FAK activation is important for the development of anoikis resistance and represents a key target for tyrosine phosphorylation by SRC \[[@R75]\] (Fig. **2**). Genetic silencing of FAK expression results in the promotion of anoikis in PDA cells, confirming that FAK plays a key role in anoikis resistance \[[@R36]\]. Activation of AKT is common in PDA \[[@R76]\] and has been found to be a determinant of cellular proliferation \[[@R77]\]. Inhibition of the PI3K/AKT pathway attenuates anoikis resistance in PANC1 cells \[[@R78]\], while activation of the PI3K/AKT pathway impairs epithelial cell anoikis.

In the context of PDA cell lines significant work has been done to further investigate the underlying mechanism of action of CEACAM6 at the cellular level \[[@R79]-[@R81]\]. Over-expression of CEACAM6 results in augmented PDA cellular invasiveness through increased activity of IGF-I and insulin-like growth factor I receptor (IGF-IR), both of which play critical roles in proliferation, invasiveness, and increased angiogenesis. AKT activation produces IGF-IR up-regulation. Over-expression of CEACAM6 in the context of IGF-I elaborates increased SRC, AKT and MMP-2 activity. Suppression of CEACAM6 decreases pAKT Ser473, a marker of AKT activity. Therefore, it was proposed that AKT may be responsible for up-regulation of IGF-IR in cells with over-expressed CEACAM6. CEACAM6 over-expression resulted in increased IGF-I expression leading to enhanced MMP-2 expression and activity (Fig. **2**). AKT pathway activation has been shown to result in diminished degradation of MMP-2 \[[@R82]\]. MMP-2 is a key determinant of SRC dependant PDA cellular invasiveness \[[@R83]\]. IGF-I has been shown to promote tumor aggressiveness by increasing levels of membrane type 1 MMPs, resulting in activation of MMP-2 through PI3K/AKT signal transduction \[[@R84]\]. Antibodies targeting MMP-2 reduce cellular invasiveness \[[@R85]\]. In addition, inhibition of SRC with PP2 abrogates PDA cellular invasiveness due to dephosphorylation of SRC and inhibition of MMP-2 and MMP-9 activity. SRC dependent transcriptional up-regulation of MMP-9 activity is significantly responsible for the increased cellular invasiveness produced by CEACAM6 over-expression, linking this as a key pathway involved in PDA aggressiveness.

Interestingly, CEACAM6 is able to activate neutrophil adhesion to human vascular endothelial cells \[[@R86]\] and cross-linking of CEACAM family members induces a respiratory burst in neutrophils \[[@R87]\]. Therefore, there may very well be a similar mechanism for neutrophil activation and mobilization that resembles tumor cell migration and aggressiveness. Since CEACAM6 plays a role in neutrophil activation and adhesion to the ECM, follow up studies have suggested that the aggressive phenotype of PDA may in fact be due to parallel activities by CEACAM6 in the TME \[[@R39]\].

D.. CEACAM6 Targeted Therapies
==============================

(1) Knockdown via siRNA Mediated Gene Silencing
-----------------------------------------------

Knockdown models in CEACAM6 positive tumors identify key mechanistic pathways and potential targets involved in the development of the malignant phenotype \[[@R88]\]. Mice PDA xenografts treated with CEACAM6-specific siRNA diminished tumor proliferation by 68% versus control siRNA (p=\<0.05) with a decreased Ki-67 level, impairing angiogenesis and increased apoptosis. Further, CEACAM6-specific siRNA prevented metastasis (0% treated versus 60% untreated, p=\<0.05) and improved survival without toxicity. Kaplan-Meier survival was significantly greater in the treated mice versus control. Knockdown models inform us of the critical role CEACAM6 plays in cancer development further solidifying a focus on this molecule as a therapeutic target.

(2) Immunotoxin-based Therapy
-----------------------------

An immunotherapeutic strategy for targeting CEACAM6 in PDA has been explored \[[@R89]\]. Immunotherapeutic approaches are classified as either direct or indirect. An indirect approach utilized By114, a mouse Mab specific for CEACAM6 with no anti-tumor activity \[[@R90]\], followed by saporin to demonstrate anti-tumor activity in a BxPC3 cells *in vitro* and in a nude mouse xenograft model of PDA. Mab mediated cross-linking of CEACAM6 resulted in cytoplasmic accumulation that increased efficacy of immunotherapy with saporin with caspase mediated apoptosis.

(3) Monoclonal Antibodies (Mab)
-------------------------------

Utilizing GW-39 human colonic cancer cells the effects of three Mabs that target specific epitopes (NH~2~-terminal \[MN-3\] and A1B1 domains \[MN-15\] present in CEACAM5 and CEACAM6 and A3B3 domain \[MN-14\], restricted to CEACAM5) were investigated \[[@R14]\]. GW-39 CRC cell lines were initially treated with Fab' fragments of MN-3, MN-15 and MN-14 Mabs, followed by a second injection of antibody 1 day after injection of tumor cells. The effect on lung metastases was analyzed. MN-15 Fab' and MN-3 Fab' both demonstrated a decrease in metastatic potential *in vivo*. However, MN-14 did not affect lung metastasis. This work provided the evidence that CEACAM6 is involved in the development of CRC metastasis. Although treatment with MN-15 and MN-3 resulted in an increase in survival, decreased adhesion to the ECM, and abrogated metastatic potential, these Mabs were not efficacious with regard to tumor growth inhibition or regression.

(4) Therapeutic Humanized Anti-CEACAM6 Single Chain Variable Fragment (scFv)
----------------------------------------------------------------------------

Mouse Mab 13-1 targeting a unique epitope on human CEACAM6 leads to apoptosis of PDA cells expressing CEACAM6 with an IC~50~ in the range 1-10μg/mL independent of antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity \[[@R91]\]. *In silico* CDR grafting and antibody engineering generated humanized anti-CEACAM6 single chain variable fragment (scFv's) with a linker that could be pegylated to enhanced plasma half-life. These scFv's bound CEACAM6 with high affinity (10^-10^M), exhibiting dose-dependent cytotoxic activity and PARP-cleavage in cell culture. Nine scFv versions were designed and synthesized and versions 7 and 8 were evaluated. In a mouse xenograft model of PDA (BxPC-3) PEGylated scFv administered twice a week for 4 weeks intra-peritoneally showed tumor growth inhibition with marked apoptosis, with diminished angiogenesis and proliferation. The humanized PEGylated scFv version 8 at 3mg/kg initially produced a tumor growth inhibition of \~25%, however with gemcitabine, tumor growth inhibition was increased to \>50%. This study highlights that the unique features of humanized anti-CEACAM6 scFv include the ability to produce targeted tumor cell apoptosis independent of antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity as well as represent an effective combination with standard chemotherapy at very low doses.

(5) Antibody-Drug Conjugates
----------------------------

The development of an antibody-drug conjugate targeting CEACAM6 investigated the efficacy of the anti-CEACAM6-maytansinoid (DM1) immunoconjugate in a murine xenograft model of PDA \[[@R92]\]. Tumor growth was found to be markedly diminished in mouse models of HPAF-2 tumors treated with the antibody-drug conjugate. They also report the safety profile of the anti-CEACAM6 Mab and antibody-drug conjugate in a non-human primate model. CEACAM6 expression in hematopoietic progenitor cells, specifically the earliest myeloid lineage CD34+/CD38+/CD33+ was low, however expression in mature granulocytes was demonstrated. Administration of a single dose (low 1.35mg/kg, n=3; high 10mg/kg, n=3) of DM1-conjugated Mab resulted in neutropenia in a dose-dependent fashion as the main adverse effect, suggesting minimal and reversible bone marrow toxicity. The non-conjugated Mab did not have anti-tumor activity, and showed reversible and modest neutropenia. Further development of an antibody-drug conjugate based therapeutic approach in PDA has yet to be pursued in early phase clinical trials.

(6) Single Domain Llama Antibody (sdAb)
---------------------------------------

A single domain antibody (sdAb) that targets CEACAM6, known as 2A3, previously isolated from a Llama immune library and a Fc-conjugated version of the sdAb was evaluated to determine the effect on the BxPC3 PDA cell line \[[@R93]\]. This sdAb binds to CEACAM6 on the cell surface. Gemcitabine and 2A3 both decreased cancer cell proliferation, however only 2A3 diminished cancer cell invasion and angiogenesis within the cancer mass as well as BxPC3 cell MMP-9 activity. Also, 2A3 and 2A3-Fc inhibited invasion of BxPC3 cells versus the non-treated cohort. A capillary formation assay used to analyze angiogenesis in conditioned media of 2A3 or 2A3-Fc treated BxPC3 cells showed capillary length was significantly decreased.

L-DOS47, a Llama anti-CEACAM6 antibody conjugated to plant urease generates an alkalinized environment at the tumor site. The first in human study is being conducted in Poland, and in an open-label Phase I/II clinical study is assessing safety, tolerability and efficacy at incremental doses of L-DOS47, as monotherapy, in patients with unresectable, locally advanced, relapsed or metastatic, non-squamous, stage IIIb/IV NSCLC (clinicaltrials.gov, NCT02340208). The starting dose was 0.12 mg/kg and patients have been enrolled to the 9^th^ cohort at a dose of 1.84mg/kg. A phase I dose escalation study of L-DOS47 combined with pemetrexed plus carboplatin in stage IV non-squamous NSCLC is planned (Helix BioPharma Corp, Ontario, Canada).

Conclusions
===========

The ability of cancer cells to migrate from their primary location to distant sites is the cause of 90% of human cancer mortality \[[@R94]\]. Dysregulated over-expression of CEACAM6 plays a role in several of the hallmarks of cancer, including uncontrolled proliferation, anoikis resistance, neo-angiogenesis, immune evasion, invasion and metastasis. CEACAM6 is integral to the cell adhesion, ECM modulation and creating a hostile TME through its interactions with membrane receptors and the cellular milieu of a complex carcinoma. Anoikis resistance may initiate and promote a malignant phenotype. This invasive phenotype is driven by aberrant activation of PI3K/AKT, FAK, SRC and TGF-b signaling pathways.

Since CEACAM family members including CEACAM6 are expressed on myeloid cells, tumors with inflammatory infiltrates are likely to fuel the fire by direct interactions between tumor cells and neutrophils. Hence, deciphering these molecular and cellular interactions within the TME are likely to provide a wealth of information in the search for better therapies. Since immune checkpoint targeting has come of age, immune evasion has been linked directly to CEACAM6 over-expression on plasma cells in multiple myeloma. Binding and cross linking of CEACAM6 by CTL inhibits their activation, resulting in T cell unresponsiveness, thus suggesting a novel mechanism of action of CEACAM6. Inhibiting CEACAM6 is a therapeutic strategy to restore T-cell cytotoxicity targeting tumor lysis within the bone marrow microenvironment in MM and TME in epithelial carcinomas (Table **1**, Fig. **2**).

The availability of therapeutic monoclonal antibodies (unconjugated and conjugated) targeting CEACAM6, provides potential therapeutic opportunities likely to lead to a plethora of pre-clinical and clinical activity in the next decade. Interestingly, rodents lack orthologous genes for the human CEA family thereby limiting appropriate pre-clinical animal testing. As mentioned previously, a transgenic mouse model with a human bacterial artificial chromosome containing components of the human CEA gene family, specifically CEACAM3, CEACAM5, CEACAM6 and CEACAM7 genes is available allowing for more precise pre-clinical evaluation \[[@R17]\]. We believe safely targeting CEACAM6 is most likely to change the natural history of the tumor/TME and allow novel combination therapies to be developed for treating both solid and hematologic malignancies.

In conclusion our review highlights the pathologic roles of CEACAM6 in the development of multiple human malignancies warranting an ongoing focus to successfully transition this cell adhesion protein as a primary or adjunctive therapeutic target for anti-cancer therapy in the clinic.

We wish to thank Laurence Cooke for guidance and critical review of the manuscript. We also thank the University of Tennessee Health Science Center and The West Cancer Center for research funding to BJ received through the 2014 Trainee Research Award.

CEACAM6

:   Carcinoembryonic antigen-related cell adhesion molecule 6

CEACAMs

:   Carcinoembryonic antigen-related cell adhesion molecules

IHC

:   Immunohistochemistry

TMAs

:   Tissue microarrays

Mab

:   Monoclonal antibodies

CRC

:   Colorectal cancer

siRNA

:   Small interfering RNA

ECM

:   Extracellular matrix

PDA

:   Pancreatic ductal adenocarcinoma

PanIN

:   Pancreatic intraepithelial neoplasia

MMP2

:   Matrix metalloproteinase 2

DR

:   Desmoplastic reaction

IGF-I

:   Insulin-like growth factor I

TME

:   Tumor microenvironment

TNBC

:   Triple negative breast cancer

MTC

:   Medullary thyroid carcinomas

HNSCC

:   Head and neck squamous cell cancer

B-ALL

:   B-cell lineage acute lymphoblastic leukemia

MM

:   Multiple myeloma

CTLs

:   Cytotoxic T-cells

IGF-IR

:   Insulin-like growth factor I receptor

scFv

:   Single chain variable fragment

CONFLICT OF INTEREST
====================

The author(s) confirm that this article content has no conflict of interest.

Figures Tables
==============

![**The CEACAM Gene Superfamily.** The CEACAM immunoglobulin-like domain superfamily are a large family of proteins encoded by 12 independent genes on chromosome 19q13.1-13.2 consisting of membrane-linked glycoproteins that are anchored to the cell surface either by glycophosphatidyl-inositol (GPI) anchor or a trans-membrane domain, and secretory glycoproteins. These glycosylated proteins show a complex stoichiometric expression pattern in normal versus cancerous tissue. The GPI-anchored members of the family include CEACAM5, CEACAM6, CEACAM7 and CEACAM8. CEACAM1, CEACAM3, CEACAM4, CEACAM19, CEACAM20, and CEACAM21 are all anchored to the cell membrane through trans-membrane domains.](CCD-2-100_F1){#F1}

![**CEACAM6 Signaling Pathway.** Over-expression of CEACAM6 results in alteration and reorganization of the ECM and activation of the TME playing a key role in tumor invasion. CEACAM6 signaling increases SRC activity leading to increased IGF-I secretion with autocrine and paracrine stimulation of the IGF-1R activating the PI3K/AKT pathway. Increased IGF-I expression results in MMP-2 elaboration, subsequently altering the ECM promoting a malignant TME. Aggregation of CEACAM6 at the cell surface enhances anoikis resistance through activation of SRC in a caveolin-1-dependent manner allowing for phosphorylation of its substrate focal adhesion kinase (FAK). TGF-β elaborated in the TME binds to the type II receptor (TβRII), promoting hetero-tetramerization with the type I receptor (TβRI) increasing the phosphorylation of SMAD3 by activated TβRI. Phosphorylated SMAD3 forms a complex with Co-Smad (SD4), which translocates into the nucleus to bind gene promoters and activate expression of target genes, specifically CEACAM6. Also, TGF-β signals through the TGF-β receptors to activate alternate pathways such as AKT/PI3K.](CCD-2-100_F2){#F2}

###### 

Aberrant CEACAM6 activity in Human Malignancies

  ------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Solid Malignancies**                      **Mechanism of Action**
  **Colorectal Cancer**                       Inhibition of terminal differentiation, loss of cellular polarization, distortion of tissue architecture and anoikis resistance
  **Pancreatic Ductal Adenocarcinoma**        Increased anoikis resistance; increased metastatic potential through increased IGF-I resulting in expression of proteolytic MMP-2 & MMP-9 ® altering the ECM; increased chemoresistance through SRC-AKT signaling pathway; increased cell proliferation
  **Breast Cancer**                           Increased cell proliferation, migration and invasion through SRC and AKT signaling
  **Triple Negative**                         Increased cell proliferation, migration and invasion through SRC and AKT signaling
  **Luminal A**                               Increased cell proliferation, migration and invasion through SRC and AKT signaling
  **Luminal B**                               Increased cell proliferation, migration and invasion through SRC and AKT signaling
  **Her2neu+**                                SMAD3 phosphorylation was significantly associated with HER2 expression in CEACAM6+ cancers. HER2 signaling via components of TGF-b pathway may mediate CEACAM6 expression. CEACAM6 is a major target gene for SMAD3-mediated TGF-b signaling. SRC and AKT signaling directly play a role in facilitating CEACAM6 induced migration and invasion
  **Cholangiocarcinoma**                      Increased proliferation, invasion, and acquired chemo-resistance to gemcitabine resulting in increased lymphatic invasion and advanced stage of disease
  **Lung adenocarcinoma**                     Induces cell proliferation, anchorage independent growth
  **EGFR *mutant***                           Induces cell proliferation, anchorage independent growth
  **EGFR *wild type***                        Induces cell proliferation, anchorage independent growth, results in poorer disease free survival
  **Gastric Cancer**                          Promotes increased lymph node metastasis, migration and invasion via increase in SRC phosphorylation
  **Medullary Thyroid Carcinoma**             Increased cell proliferation, migration, and invasion through matrix remodeling, anchorage independent growth
  **Head and Neck Squamous Cell Carcinoma**   Increased tumor growth secondary to a decrease in caspase 3-dependant cell death through the suppression of PI3K/AKT dependent apoptosis
  ***Hematologic Malignancies***              
  **B-cell Acute Lymphoblastic Lymphoma**     Presumed enhancement of anoikis via increased caspase activation as well as up-regulation of the AKT cell survival pathway
  **Multiple Myeloma**                        Inactivation of CTL (cytotoxic lymphocytes) via binding and cross- linking of CEACAM6 on plasma cells, resulting in T cell unresponsiveness® immune evasion
  ------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
